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(57) Abstract 



A delay locked loop (DLL) is described in which a phase detector compares the phase of the output of the DLL with that of a 
reference input The output of the phase comparator drives a differential charge pump which functions to integrate the phase comparator 
output signal over time. The charge pump output controls a phase shifter with unlimited range that adjusts the phase of the DLL output so 
that the output of the phase comparator is high 50 % of the time on average. Because the DLL adjusts the phase shifter until the output of 
the phase detector is high 50 % of the time, on average, the relationship of the DLL output clock to the input reference clock depends only 
on the type of phase detector used. For example, when a data receiver is used as the phase detector in the DLL, the output of the DLL is a 
clock signal which can be used as a sampling clock for data receivers elsewhere in the system, and is timed to sample data at the optional 
instant independent of temperature, supply voltage and process variations. Alternatively, a quadrature phase detector may be employed to 
generate a clock signal that possesses a quadrature 90° relationship with a reference clock signal input This may be used, for example, 
to generate a transmit clock for a data transmission device. Furthermore, the DLL is controlled to minimize dither jitter while minimizing 
acquisition time. In addition, duty cycle correcting amplifiers are employed to produce a DLL output clock that has a desired duty cycle, 
for example 50 %. Additionally, the inputs to the charge pump are reversed in alternate quadrants of the phase plane in order to enable 
unlimited phase shift with a finite control voltage range. 
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DELAY-LOCKED LOOP 
BACKGROUND OF THE INVENTION 

1. Field of th e Invention 

The present invention relates to a circuit to generate periodic 
signals such as clock signals. More particularly, the present invention 
relates to a delay locked loop. 

2. Art Background 

Many high speed electrical systems possess critical timing 
requirements which dictate the need to generate a periodic clock wave 
form that possesses a precise time relationship with respect to some 
reference signal. Conventionally, a phase locked loop (PLL) which 
employs a voltage control oscillator (VCO) is used to provide the 
desired clock signal. An example of a PLL is shown in Figure lb. 
However, VCO-based PLLs have some undesirable characteristics. For 
example, acquisition of the desired timing relationship which requires 
multiple iterations of signal through the PLL is often slow (typically 
many hundreds or thousands of clock cycles) because of the time 
required to drive the VCO to the correct frequency. Furthermore, 
designing VCOs with ample power supply rejection characteristics is 
difficult, particularly when implementing circuitry in CMOS, as 
power supply voltages utilized in such circuitry are designed to be 
lower and lower to conserve power. An alternative PLL circuit is the 
delay locked loop (DLL) which generates an output signal a 
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predetermined delay from the input reference signal. A block 
diagram illustration is shown in Figure lb. 
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SUMMARY OF THE TNVFNTJQM 

It is therefore an object of the present invention to provide a 
delay locked loop that eliminates the need for a voltage controlled 
oscillator (VCO) and provides both rapid acquisition and the 
ininimization of power supply induced jitter. Another object is to 
provide a DLL with an unlimited phase shift range. 

In the circuit of the present invention a phase detector 
compares the phase of the output of the delay lock loop (DLL) with 
that of a reference input. The output of the phase comparator is a 
binary signal which indicates whether the output signal of the DLL is 
ahead or behind the reference input signal in phase and drives a 
differential charge pump which functions to integrate the phase 
comparator output signal over time. The charge pump output 
controls a phase shifter that adjusts the phase of the DLL output so 
that the output of the phase comparator is in one state, for example, a 
high state, 50% of the time on average. Because the DLL adjusts the 
phase shifter until the output of the phase detector is in one state 50% 
of the time, on average, the output of the DLL is a signal that has a 
desired time relationship with the reference clock input, independent 
of temperature, supply voltage and process. For example, in one 
embodiment, the DLL may be used to generate a sampling clock for 
data receivers elsewhere in a system. In such a case, a replica data 
receiver would be used as the phase detector. In an alternative 
embodiment, a quadrature phase detector would be used to generate 
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an output clock in quadrature with the reference clock input. This 
may be used to generate the timing necessary to transmit an output 
signal. 

In one embodiment of the DLL of the present invention, the 
incoming clock signal is first processed through a duty cycle corrector 
which produces an output clock wave form that possesses a 50% duty 
cycle independent of the input duty cycle. The duty cycle corrected 
signal is then input to the phase shifter. Optionally, a second duty 
cycle corrector may be employed to process the output signal of the 
phase shifter to compensate for any duty cycle distortion caused by the 
phase shifter and/or subsequent buffer amplifiers. The embodiment 
further includes a phase shifter that has unlimited range. 

In addition, the embodiment preferably includes circuitry to 
minimize jitter. For example, increasing the current to the charge 
pump in the circuit is one way to reduce acquisition time. However, 
as the current is increased, so is the amount of jitter generated. To 
reduce acquisition time without incurring excessive jitter, the DLL 
~.~ includes circuitry to selectively generate boosted charge pump current. 
The boosted charge pump current is generated only during the 
acquisition process, during which the signal is synchronized to the 
reference. When not in the acquisition process, the current is lowered 
from the boosted amount in order that the amount of jitter generated 
is decreased. A control signal is used to signal the start and end of 
acquisition and therefore controls the amount of current input to the 
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charge pump. Thus, during non-acquisition phases of the process, the 
current is decreased, thereby minimizing jitter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The objects, features and advantages of the present invention 
will be apparent to one skilled in the art from the following detailed - 
description in which: 

Figure la illustrates a prior art phase locked loop. 

Figure lb illustrates a prior art delay locked loop. 

Figure 2 illustrates one embodiment of the delay locked loop of 
the present invention. 

Figures 3a and 3b illustrate embodiments of a quadrature phase 
detector utilized in embodiments of the delay locked loop of the 
present invention. 

Figure 4 illustrates one embodiment of a duty cycle correcting 
amplifier utilized in one embodiment of the delay locked loop of the 
present invention. 

Figures 5a, 5b and 5c illustrate one embodiment of the phase 
shifter utilized in one embodiment of the delay locked loop of the 
present invention. 

Figures 6a and 6b illustrate one embodiment of a charge pump 
utilized in one embodiment of the delay locked loop of the present 
invention. 
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Figures 7a and 7b illustrate the delay locked loop of the present 
invention with a compensating phase detector respectively used in 
data receivers and data transmitters. 

Figure 8 is a block diagram illustration of an alternate 
embodiment of the delay locked loop of the present invention in 
which the control voltage to the differential charge pump is generated 
by a phase detector, digital filter and digital to analog converter which 
controls the differential charge pump using alternate acquisition 
criteria. 
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DET AILED DESCRIPTION 

In the following description, for purposes of explanation, 
.numerous details are set forth in order to provide a thorough 
understanding of the present invention. However, it will be apparent 
to one skilled in the art that these specific details are not required in 
order to practice the present invention. In other instances, well- 
known electrical structures and circuits are shown in block diagram 
form in order not to obscure the present invention unnecessarily. 

The delay locked loop (DLL) of the present invention provides 
for a DLL which employs a phase shifting element that provides a 
continuously adjusting phase shift. Furthermore, the DLL of the 
present invention possesses superior jitter characteristics that permits 
more rapid acquisition with minimum jitter. 

A simplified block diagram of one embodiment of the DLL is 
shown in Figure 2. The reference signal, such as a clock signal, is 
input to a duty cycle correcting amplifier 100 and a phase detector 110. 
- Phase detector 110 compares the phase of the output signal of the 
delay locked loop with that of the reference signal input. The 
reference signal input represents the signal to be corrected using the 
DLL. Preferably, the phase detector 110 is a phase comparator wherein 
the output of the phase detector is a binary signal that is high if the 
feedback clock input, that is the output of the DLL, is ahead in phase of 
the reference clock input and low if the feedback clock input is behind 
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the reference clock input. Alternately, the phase detector can be 
configured to generate a low output if the feedback clock input is 
ahead in phase of the reference clock input and generate a high output 
if the feedback clock input is behind the reference clock input. The 
output of the phase comparator drives a charge pump 120, preferably a 
differential charge pump, which functions to integrate the phase 
comparator output signals over time. The charge pump 120 output 
controls the phase shifter 130. The phase shifter 130 adjusts the phase 
of the reference signal input to the duty cycle correcting amplifier 100, 
so that the output of the phase comparator is high 50% of the time, on \ 
average. The DLL generates the output signal by delaying the input 
signal The output signal dithers ahead and behind the desired 
relationship such that the phase difference detected between the 
reference signal and the output signal of the DLL is 50% of the time 
ahead and 50% of the time behind, to provide an average phase 
relationship which corresponds to the desired timing relationship 
between the output signal and the reference input signal. 

However, by generating the output signal by delaying the input 
clock signal, the input clock signal may produce a deleterious effect on 
the performance of the DLL. Specifically, variations in duty cycle of 
the input signal from the norm, for example, a 50%- duty cycle, 
negatively impacts the performance of the DLL. Conventional PLLs, 
to the contrary, are largely insensitive to the duty cycles of the 
incoming signal. To minimize this problem, a duty cycle correcting 
amplifier 100 is used. Duty cycle correcting amplifier 100 receives the 
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input signal and produces an output signal that possesses a 50% duty 
cycle independent of the input signal duty cycle. The output of the 
duty cycle correcting amplifier 100 is input to phase shifter 130. 
. Optionally, a second duty cycle correcting amplifier 140 may be 
employed to compensate for any duty cycle distortion to the signal 
caused by the phase shifter and/or subsequent buffer amplifiers 150. " 
Buffer amplifiers 150 restore the signal to full rail to function as the 
signal output of the circuit. 

The DLL of the present invention does not employ 
proportional control; i.e., the output of the phase detector is not 
proportional to the size of the phase error. Rather, the DLL is 
constructed such that the phase of the DLL output signal actually 
dithers around the desired value. As dithering is a form of jitter, it is 
desirable to minimize jitter to the greatest practical extent by choosing 
the amount of phase correction per clock cycle to be appropriately 
small by, for example, choosing a suitably small ratio of charge pump 
current to integrating capacitance. Unfortunately, byinuxiimizing 
^er; a^ujstopryim^^^^ 

relationship between the DLL output signal and the reference signal, 
is not minimized as the smaller the current used, the greater the 
acquisition time. 

Therefore, to reduce acquisition time without incurring 
excessive dither jitter, it is preferred that the DLL includes circuitry to 
boost charge pump currents during acquisition. By boosting charge 
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pump currents during acquisition, acquisition speed is increased. 
However, by keeping currents to a minimum while not in 
acquisition, the amount of jitter generated is minimized. To boost 
. charge pump currents during acquisition, a boost COTttoUi^nal J60 is 
*used to signal the start and end of the acquisition mode whereby; 
during acquisition mode, the charge pump currents are increased and 
when not in acquisition mode, charge pump currents are decreased, 
thereby minimizing dither jitter. Alternately, the maximization of 
acquisition speed may be controlled by the DLL circuit itself rather 
than by an external control signal as shown in Figure 2. For example, 
the DLL circuit may include logic to determine if the deviation from 
the reference clock is greater than a predetermined value, at which 
time the charge pump currents should be increased to increase the 
speed of acquisition. When the desired timing relationship is 
achieved, the logic returns the charge pump circuits to their low jitter 
values. 

As noted above, the phase detector functions to determine the 
phase difference between the input signal and the signal output from 
the DLL, In one embodiment, the phase detector utilized is a 
quadrature phase detector which causes the DLL to produce an output 
signal that is in quadrature (i.e., possesses a 90° phase shift) with the 
input signal. Exemplary phase detectors are illustrated in Figures 3a 
and 3b. 

Figure 3a illustrates one embodiment of a quadrature phase 
detector 10 which detects the quadrature phase error between two 
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input signals that are in quadrature phase relationship and have 
different voltage swing characteristics. Figure 3b illustrates an 
alternate embodiment of quadrature phase detector 40 which 
. minimizes the phase detection error induced by parasitic capacitance. 

Referring to Figure 3a, Phase detector 10 includes transistors 11 
through 14 and 19 through 21. For one embodiment, transistors 11-14 
and 19-21 are metal oxide semiconductor field effect transistors 
("MOSFETs") and are in a complementary metal oxide semiconductor 
("CMOS") configuration. For other embodiments, transistors 11-14 
and 19-21 can be N-channel MOSFET transistors or P-channel 
MOSFET transistors. For alternative embodiments, other devices, 
such as bipolar transistors, may be used. 

As illustrated, transistors 11-14 are P-channel transistors that 
are connected as current sourcing transistors between a power supply 
voltage Vdd and nodes 15 and 16. Alternatively, transistors* 11-14 can 
be N-channel transistors or bipolar transistors. 

Transistors 11-14 together constitute the load of phase detector 
10. Transistors 11-14 present a high differential impedance between 
— - nodes 15-16 and a low common mode resistance from the power 

supply Vdd to nodes 15-16. Diode connected transistors 11-12 serve as 
a low common mode resistance between the power supply Vdd and 
nodes 15-16. Transistors 11-12 also constitute a positive differential 
load resistance between nodes 15 and 16. Transistors 13-14 constitute a 
negative differential load resistance between nodes 15 and 16. The 
negative differential load resistance cancels the positive differential 
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load resistance. As a result, transistors 11-14 together present the high 
differential load resistance between nodes 15 and 16. The connection 
of transistors 11-14 is described below. 

Alternatively, other types of load circuits can be used in phase 
detector 10 between the power supply Vdd and nodes 15-16. In 
addition, the load formed by transistors 11-14 can be any other kind of 
high differential impedance load circuit. 

The drain of transistors 11 -14 are connected to node 15 and the 
drain of transistors 12 and 13 are connected to node 16. Each of 
transistors 11-12 has its gate coupled to its drain. In addition, the gate 
of transistor 13 is connected to the gate of transistor 11, and the gate of 
transistor 14 is connected to the gate of transistor 12. Because the gates 
of transistors 11 and 13 are connected together and the gates of 
transistors 12 and 14 are connected together, transistor 13 mirrors the 
current through transistor 11 and transistor 14 mirrors the current 
through transistor 12. In other words, transistors 11 and 13 constitute 
a current mirror and transistors 12 and 14 constitute another current 
mirror. By mirroring the current flowing through transistor 11 to 
— - node 16 and by mirroring the current flowing through transistor 12 to 
node 15, each of nodes 15-16 receives substantially the same amount 
of current and no differential current is generated. This therefore 
causes transistors 11-14 to present a high differential load resistance 
because the negative differential load resistance generated by 
transistors 13-14 cancels the positive differential load resistance 
generated by transistors 11-12. In one embodiment, transistors 11-14 
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are substantially identical in size such that the negative differential 
load resistance generated by transistors 13-14 cancels the positive 
differential load resistance generated by transistors 11-12. 

Nodes 15-16 form the output of the phase detector 10. A 
capacitor 17 is connected between ground and node 15 and a capacitor 
18 is connected to node 16 and ground. For one embodiment, 
capacitors 17 and 18 have substantially equivalent capacitance. As 
illustrated, capacitors 17 and 18 include parasitic capacitances of 
transistors 11-14 at nodes 15-16, respectively. However, capacitors 17 
and 18 may also be identified not to include the parasitic capacitances 
of transistors 11-14 at nodes 15-16, respectively. 

Node 15 is further connected to the drain of transistor 19 and 
node 16 is further connected to the drain of transistor 20. The sources 
of transistors 19-20 are connected to a node 23. Node 23 is then 
connected to the drain of transistor 21. Transistor 21 has its source 
connected to ground via a current source 24. The gate of transistor 19 
receives an input signal Vi N2 . The gate of transistor 20 receives an 
input signal Vr Ef . The gate of transistor 21 receives an input signal 
- Vini- Transistors 19-21 are N-channel transistors. Alternatively, 
transistors 19-21 can be P-channel transistors or bipolar transistors. 
For one embodiment, transistor 19 has a size that is substantially equal 
to that of transistor 20. 

For purposes of the present discussion, the V| N1 signal exhibits 
a full CMOS voltage swing. The Vj N2 signal, in a quadrature phase 
relationship with V| N1 , is a small voltage swing signal that oscillates 
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substantially symmetrically around the V REF reference voltage (which 
is a constant DC reference voltage). The Vi N2 signal is therefore 
referred to as quasi-differential signal. Therefore, it can be seem that 
. the ViN2 and Vref signals are not complementary to each other. 

Alternatively, the Vi N2 signal is a small swing, fully differential 
signal that swings between a V h i g h voltage and a V low voltage. In this 
case, the Vref signal is complementary to the Vj N2 signal. Thus, 
when the gate of transistor 19 receives the V h i g h voltage, the gate of 
transistor 20 receives the Vi ow voltage. 

Transistors 19-21 detect the quadrature phase error of the Vjni 
and Vi N2 input signals. The Vj N1 and Vi N 2 signals are desired to 
have a quadrature phase relationship. When quadrature phase error 
occurs (i.e., the desired quadrature phase relationship has not been 
achieved), phase detector 10 detects that condition by producing a net 
differential voltage across nodes 15-16 (i.e., the output V 0 ut) at the 
end of each measurement cycle. The voltage level of the net 
differential voltage across nodes 15-16 is a function of the amount of 
quadrature phase error between the Vjni and Vj N 2 input signals. If 
phase detector 10 does not detect any quadrature phase error, phase 
detector 10 does not produce any net differential voltage across nodes 
15-16 at the end of the detection cycle. 

Phase detector 10 also includes a transistor 22 coupled between 
nodes 15-16. Transistor 22 is an N-channel MOSFET transistor. 
Alternatively, transistor 22 can be a P-channel MOSFET transistor or a 
bipolar transistor. Transistor 22 is used in phase detector 10 as an 
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equalizing transistor. Transistor 22 causes the voltage difference 
across nodes 15-16 to be zero when transistor 22 conducts before a 
measurement cycle is initiated. Transistor 22 is switched on or off by 
the Veq signal. When transistor 22 is turned on by the Veq signal, 
nodes 15 and 16 are connected together via transistor 22 and the 
voltages at nodes 15-16 are equalized. Preferably, the Veq signal is a 
periodic pulse signal that occurs before every pulse of the Vjni signal. 
The Veq signal helps to equalize the voltages across nodes 15-16 for 
starting a detection cycle. Alternatively, the pulse cycle of the Veq 
signal can occur before every Nth pulse of the Vint signal. 

The operation of phase detector 10 is now described. Transistor 
21 connects a current I from node 23 to current source 24 when the 
Vint signal is at the high Vdd voltage. Because transistor 21 is 
connected to current source 24, transistor 21, when conducting, only 
allows the amount of current I to flow through. The Vjni signal 
controls the start of each detection cycle. Whenever the voltage level 
of the Vint signal rises to the Vdd voltage, a detection cycle is 
initiated. 

When the voltage level of the V IN 2 signal is higher than that of 
the Vref voltage and when the V| N1 signal is at the V D d voltage (e.g., 
from time tj to time t2), transistor 19 conducts more than transistor 20 
does. Transistor 19 thus contributes substantially all the I current to 
node 23. Because each of nodes 15 and 16 receives substantially the 
same amount of current from the load element formed by transistors 
11-14, capacitor 17 is charged differently than capacitor 18 if transistors 



WO 95/22206 



PCT/US95/01726 



- 17- 

19 and 20 are not drawing the same amount of current to node 23. In 
this case, capacitor 18 may be charging while capacitor 17 is 
discharging. This in turn generates a differential voltage across nodes 
. 15-16, and therefore at the output Vout of phase detector 10. The 
differential voltage at the output Vout ramps linearly upwards for 
the time that the voltage of the V| N 2 signal is higher than the Vref " 
reference voltage. 

When the voltage level of the Vjn2 signal is lower than that of 
the Vr EF voltage and when the Vj N1 signal is at the V D d voltage (e.g., 
from time t2 to time 13), transistor 20 then contributes substantially all 
the I current to node 23. This in turn causes the charging of capacitors 
17-18 to be uneven. In this case, capacitor 17 may be charging while 
capacitor 18 is discharging. This then results in the differential 
voltage at the output Vout of phase detector 10 to drop linearly 
downwards. 

When the voltage level of the Vini signal goes to ground, the 
differential voltage at the output Vout stops changing, ;lf the Vjni 
and ViN2 signals^r^e^p^ii^^^tia^"^ differential voltage 
across nodes 15-16 ramps linearly towards zero and no; net differential 
^v^a^e wfll be develop 

the time when the Vini signal goes to ground. If, however, a 
quadrature phase error exists between the Vj N i and Vjn2 signals, a net 
differential voltage will be developed across nodes 15-16 at the end of 
the phase detection cycle. The net differential voltage across nodes 
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15-16 is substantially proportional to the amount of the quadrature 
phase error. 

Preferably the output Vout of phase detector 10 is connected to 
a comparator 39 to generate a binary quadrature phase error output. 
Other circuits may also be used to generate the binary quadrature 
phase error output. 

The above description of phase detector 10 in detecting the 
quadrature phase error, however, assumes the desirable situation in 
which the influence of any parasitic capacitance 25 of transistors 19 
through 21 at node 23 (as well as other parasitic capacitances in the 
circuit) is negligible. Since transistor 21 is used as a switch, parasitic 
capacitor 25 includes the parasitic capacitance between the source of 
transistor 21 and ground. 

Due to the existence of parasitic capacitor 25 in the circuit of 
phase detector 10, phase detector 10 generates a net differential voltage 
at the output Vqut of the circuit at the end of a detection cycle even 
when the Vjni and V| N2 signals are in the perfect quadrature phase 
relationship. 

The embodiment illustrated by Figure 3b eliminates the net 
differential voltage occurring at the output of the circuit due to the 
parasitic capacitance. Referring to Figure 3b, phase detector 40 
includes transistors 41 through 44 connected between the power 
supply Vdd and nodes 45 and 46. The connection and function of 
transistors 41-44 in phase detector 40 are identical to that of transistors 
11-14 in phase detector 10 of Figure 3a. 
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Node 45 is connected to capacitor 47 and capacitor 48 is 
connected to node 46. The capacitance of capacitor 48 is substantially 
equal to that of capacitor 47. Nodes 45-46 are then connected to a first 
circuit formed by transistors 49 through 51 and a second circuit formed 
by transistors 52 through 54. Transistors 51 and 54 are then connected 
to a circuit 60, which essentially includes a first current source for 
providing a first current Ii through transistors 51 and a second current 
source for providing a second current h through transistor 54, as can 
be seen from Figure 3b. Both the Ii and h currents are generated and 
controlled by a IbiaS current. 

Circuit 60 generates the Ii and h currents. The value of the I2 
current is smaller than that of the Ii current. For one embodiment, 
the value of the Io current is in a range of 20% to 30% of the Ii current 
For alternative embodiments, the value of the b current can be larger 
or smaller than 20% to 30% of the Ii current. 

For one embodiment, transistors 49-51 and 52-54 are N-channel 
MOSFET transistors. For alternative embodiments, transistors 49-51 
and 52-54 can be P-channel MOSFET transistors or bipolar transistors. 
For one embodiment, the size of each of transistors 52-53 is 
substantially equal to that of each of transistors 49-50 and the size of 
transistor 54 is substantially equal to that of transistor 51. 

Transistor 49 is connected to node 45 and node 55. Transistor 50 
is connected to nodes 46 and 55. Transistor 51 connects node 55 to 
ground via the current source Ii formed by circuit 60. Similarly, 
transistor 52 is connected to node 46 and a node 56. Transistor 53 is 
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connected to nodes 45 and 56. Transistor 54 connects node 56 to 
ground via the current source h formed by circuit 60. The gate of each 
of transistors 51 and 54 receives the Vini signal. The gate of each of 
transistors 49 and 52 receives the Vjn2 signal and the gate of each of 
transistors 50 and 53 receives the Vref voltage. 

A parasitic capacitor 57 is connected to node 55 and ground and 
a parasitic capacitor 58 connected to node 56 and ground. Parasitic 
capacitor 57 includes the parasitic capacitance of transistors 49-51 at 
node 55 and parasitic capacitor 58 includes the parasitic capacitance of 
transistors 52-54 at node 56. Parasitic capacitor 57 also includes other 
parasitic capacitances in the circuit. Since transistor 51 is used as a 
switch, parasitic capacitor 57 includes the parasitic capacitance between 
the source of transistor 51 and ground. Likewise, parasitic capacitor 58 
also includes other parasitic capacitances in the circuit. Because 
transistor 54 is used as a switch, parasitic capacitor 58 includes the 
parasitic capacitance between the source of transistor 54 and ground. 

Transistors 49-51 detect the phase error of the Vini and V]N2 
signals. Transistors 52-54 cancel the net differential voltage at the 
-- output Vout of phase detector 40 due to parasitic capacitor 57 in the 
circuit. As described above, each of transistors 52-53 has a size that is 
substantially equal to that of each of transistors 49-50. Therefore, the 
capacitance of parasitic capacitor 58 is substantially equal to that of 
parasitic capacitor 57. Due to the negative cancellation effect of 
transistors 52-54, the additional error currents generated in the circuit 
due to parasitic capacitors 57-58 cancel each other and the phase 
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detector 40 does not experience a net differential voltage generated at 
the output Vout of the circuit due to the parasitic capacitance.of the 
circuit. Because the capacitance of parasitic capacitors 57-58 is 
substantially equal, the additional error currents associated with 
parasitic capacitors 57-58 are also substantially equal. Transistors 49-50 
and 52-53 are, however, cross-connected such that their respective 
contributions subtract from each other. This causes the additional 
error currents to cancel each other and allows phase detector 40 to 
detect the quadrature phase error of the Vint and V|N2 signals with 
minimized phase detection error. 

The operation will now be discussed. When transistor 51 is 
turned on by the logical high Vini signal, the voltage level at node 55 
does not change immediately, causing the current flowing through 
transistor 51 to exceed the current Ii, which generates an additional 
error current. Since the voltage level of the Vii\n signal is Higher than 
the Vref voltage at this time, this additional error current flows 
through transistor 49, causing capacitor 47 to be additionally 
discharged. Meanwhile, since transistor 54 is also turned on by the 
logical high Vini signal, the voltage level at node 56 does not change 
immediately, which also generates an additional error current flowing 
through transistor 54. As the voltage level of the Vjn2 signal is 
higher than the Vref voltage at this time, an additional error current 
flows through transistor 52, causing capacitor 48 to be additionally 
discharged. Because the capacitance of parasitic capacitor 57 is equal to 
that of parasitic capacitor 58, the additional error current that flows 
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through transistor 52 is substantially equal to the additional error 
current through transistor 49. Given that transistor 52 is connected to 
node 46 while transistor 49 is connected to node 45, the additional 
■. error current generated by transistor 52 cancels that generated by 
transistor 49. 

When the voltage level of the Vjn2 signal is lower than that of 
the Vref voltage, transistor 49 is much less conducting than transistor 
50 and transistor 52 is much less conducting than transistor 53. At this 
time, the voltage level at each of nodes 55 and 56 falls. This causes 
parasitic capacitors 57 and 58 to be discharged, reducing the current 
flowing through transistors 50 and 53, respectively. This then causes 
an additional error current to flow through transistor 50 to capacitor 
48 and an additional current to flow through transistor 53 to capacitor 
47, additionally charging capacitors 47 and 48, respectively. Given that 
transistor 50 is connected to node 46 and transistor 53 is connected to 
node 45 and given that the additional error currents through 
transistors 50 and 53 are substantially equal to each other, the 
additional charging to each of capacitors 47 and 48 cancels each other. 

In addition, due to parasitic capacitors 57 and 58, the voltage 
level at each of nodes 55 and 56 does not change immediately after 
transistors 51 and 54 are turned off by the Vjni signal, causing an 
additional error current to flow through transistor 50 to parasitic 
capacitor 51 and an additional error current to flow through transistor 
53 to parasitic capacitor 58. The additional error currents cause 
capacitors 47 and 48 to be additional discharged, respectively. Because 
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the capacitance of parasitic capacitor 57 is substantially equal to that of 
parasitic capacitor 58, the additional error current flowing through 
transistor 50 is substantially equal to the additional error current 
flowing through transistor 53. Given that transistor 50 is connected to 
node 46 and transistor 53 is connected to node 45, the additional error 
currents cancel each other. By doing so, no net differential voltage 
due to parasitic capacitor 58 will be developed at the output Vqut and 
phase detector 40 detects the quadrature phase error of the Vint and 
ViN2 signals with minimized detection error. The Vqut output of 
phase detector 40 is connected to a comparator 39 to generate a binary 
quadrature phase error output. Alternatively, other circuits can be 
used to generate the binary quadrature phase error output. 

The duty cycle correcting amplifier circuit receives periodic 
input signals that possess an imperfect duty cycle, and outputs 
periodic output signals with a corrected duty cycle through the use of 
active duty cycle correction. In one embodiment, the circuit receives 
the uncorrected periodic input signal and generates an intermediate 
signal current reflective of the uncorrected input signal. The 
intermediate signal current is summed with a correction current 
which offsets the signal current. The summed current is input to an 
integrating capacitance. The voltage across the integrating capacitance 
is clamped to a finite value. The capacitance and clamping voltage are 
chosen so that the voltage across the capacitor ramps substantially 
linearly (i.e., slew limits) over a substantial fraction of the period of 
the input signal. The slew-limited, clamped capacitor voltage signal 
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then drives an amplifier that regenerates a substantially square wave 
form as output. By varying the amount of the correction current, an 
uncorrected input signal having a non-linear ramp input (e.g., the 
rising edge and falling edge of the signal being substantially unequal) 
can be modified to have a linear input and the duty cycle of the 
regenerated wave form can be varied over a range constrained mainly 
by the fraction of the period that is dominated by the slewing process. 

One embodiment of the duty cycle correcting amplifier is 
shown in Figure 4. The amplifier receives as input the uncorrected 
input signal INi+ 110 and ENi. 115 and the error values, error+ 125, 
error- 120. The error signals are generated by the duty cycle error 
measurement circuit which measures the duty cycle error. The 
output of the circuit is the corrected differential clock signal 150, 155. 
The circuit consists of two operational transconductance amplifiers 
(OTAs) connected in parallel. The uncorrected clock signal input 110, 
115, drives transistor pair M3, M4. The gain of transistors M3 and M4 
are made sufficiently high so that substantially all of the bias current 
IlBIAS 130 flows alternately through transistors M3 and M4, 
depending upon the polarity of the input signal. The duty cycle error 
signal 120, 125, generated by the duty cycle error measurement circuit, 
drives transistor pair Ml and M2. The output current generated is 
then added to the current generated by transistors M3 and M4. 
Inverters Invl and Inv2 160, 165 are preferably ideal infinite gain 
inverters such that the output of the inverter changes state when a 
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predetermined threshold value is crossed thus helping in the 
formation of the square wave output. 

The output of the OTAs are the common drain connection of 
bansistors M8 and M10, node 170, and the common drain connection 
of transistors M5 and M9, node 175. Preferably the bias currents 
IlBIAS/ I2BIAS/ 130, 140 are chosen in combination with the capacitance 
associated with the common drain connection and clamping voltage 
(in the present embodiment, the clamping voltage is substantially 
equal to the power supply voltage VDD) to provide the desired slew 
limiting characteristics to correct the duty cycle of the input signal. 
Alternately, a separate capacitance component may be utilized to 
provide the integrating capacitance functionality. Furthermore, other 
considerations, such as noise and /or jitter performance, may dictate 
the greater operating current or explicit additional capacitance 
connected to the OTA outputs 170, 175. Therefore, an explicit 
additional capacitance would then be connected to the OTA outputs 
170, 175 to provide the necessary slew limiting characteristics. For 
example, a capacitor may be connected between nodes 170, 175, the 
drain nodes of transistors M9 and M10. Alternately, separate capacitor 
components may be connected between node 170 and ground and 
node 175 and ground. 

Figure 5a illustrates the phase shifter of one embodiment of the 
present invention. The phase shifter uses phase mixing to provide an 
unlimited phase adjustment range. Phase mixing includes the 
mixing of two intermediate signals of different phase that are derived 



WO 95/22206 



PCTAJS95/01726 



-26- 

from the input signal. In the present embodiment, the intermediate 
signals are four quadrature intermediate signals that have relative 
phase alignments of zero, 90, 180 and 270 degrees . The output signal 
always has a phase that falls within a quadrant of the phase plane that 
is bounded by two of the four intermediate signals. Phase mixing is 
accomplished by multiplying each intermediate signal that bounds the 
quadrant in which the phase of the output signal is located by a 
weighting fraction and summing the results. 

The phase shifter 560 includes a delay circuit 510, a phase 
interpolator 580 and a phase selector 562. The delay circuit 570 outputs 
four intermediate signals via signal line 575 that are used in the phase 
mixing process by the phase interpolator 580. In the present 
embodiment, the delay circuit preferably outputs intermediate signals 
having relative phase alignments of 0, 90, 180 and 270 degrees. Any 
fixed delay that results from the delay circuit 570 and the phase 
interpolator 580 is eliminated from the output signal by virtue of the 
phase shifter 560 being a component in a feedback loop. 

One method for providing quadrature intermediate signals 
- -requires that the delay circuit to also perform a frequency divide 
operation on the input signal such that the frequency of the 
intermediate signals are one-half that of the input frequency. If this 
method is implemented, the phase shifter circuit of Figure 5a can be 
modified, as shown in Figure 5c, to include an XOR gate 640 and a 
second phase interpolator 620 having an output signal that is 90 
degrees out of phase with the output of the phase interpolator 610. 
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The outputs of both phase interpolators 610, 620 are the inputs to the 
XOR gate 640, the XOR gate 640 functioning to double the frequency 
such that the output frequency of the phase shifter is equal to the 
input frequency. 

Phase interpolator 620 receives the quadrature intermediate 
signals via signal line 615. The intermediate signals are phase mixed 
to produce an output signal at signal line 655 having the desired phase 
shift from the input signal in response to the differential control 
voltage signal Vc that is received via signal line 635 and the phase 
select signals that are received from the phase selector 630 via signal 
line 625. Although the present invention is not limited as such, 
differential control signals and circuits are preferred for improved 
power supply noise rejection characteristics. The phase selector 630 
selects two of the four intermediate signals to be used for phase 
mixing in response to the differential control voltage signal Vc and a 
binary phase slope signal provided by the phase detector and is 
received via signal line 645. The phase slope signal indicates whether 
the phase shift of the phase shifter 600 must increase or decrease. 
Control signal line 637 from phase selector 630 is used to reverse the 
sense of the charge pump 120 (Figure 2) in alternate quadrants to 
allow finite control voltage range to correspond to any phase shift 
(modulo 2k), 

Figure 5b illustrates one simplified embodiment of the phase 
interpolator. The phase interpolator includes a differential pair of n- 
channel field effect transistors (FETs) 502 and 503. The differential 
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control voltages Vc+ and Vc- are coupled to the gates of FETs 502 and 
503 respectively. In conjunction with fixed current sources 504 and 
505, the differential pair 502 and 503 steers a differential current into 
branches 506 and 507 under the control of Vc+ and VC- The currents 
provided by 504 and 505 are each less than the current provided by 
current source 501 in the illustrative embodiments to ensure that a 
finite difference (Vc+ - VC-) can result in a zero current in either 
branch 506 or branch 507. 

The value of the differential control voltage VC determines the 
amount of current that is steered through the right and left halves of 
the phase interpolator. The current in branch 506 is equal to the 
difference of the current supplied by current source 504 and the drain 
current of FET 502. Similarly, the current in branch 507 is equal to the 
difference of the current supplied by current source 505 and the drain 
current of 503. When Vc is equal to VMAX/ FET 502 is switched 
completely on by the Vc+ differential control voltage such that FET 
502 conducts substantially all of the current from current source 501. 
The negative differential control voltage Vc- is negative such that 
FET 503 is not conducting. This means that current flows through 
branch 507, and no current flows through branch 506. When Vc is 
equal to VmIN/ substantially all of the current provided by current 
source 501 flows through FET 503. Thus, current flows through 
branch 506, and no current flows through branch 507. Control voltage 
levels Vc between VmAX and VmIN allow current to flow through 
both branches 506 and 507. 
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The current in the right and left halves of the phase 
interpolator are used to charge the capacitors 590 and 595, which are 
coupled to the positive and negative terminals of comparator 596, 
respectively. The comparator 596 preferably acts as an ideal 
comparator, as is well-known in the art. Phase mixer 550 determines 
which two of the four intermediate phase vectors are to be used to 
couple and decouple the capacitors 590 and 595 from branches 506 and 
507 in response to the select signals received via signal line 525. The 
intermediate signals are received via signal line 515. 

As Vc varies, the currents flowing in the capacitors 590 and 595 
vary from depending entirely on the first bounding intermediate 
vector to depending entirely on the second bounding intermediate 
vector. The relative amount of current that is flowing into each 
capacitor, as set by the differential control voltage Vc, determines the 
relative rate of charging and discharging of the capacitors. The 
comparator 596 outputs a logic high when it detects that the voltage at 
the positive terminal becomes more positive than voltage at the 
negative terminal. Because the voltages of capacitors 590 and 595 are 
- - time varying wave forms, the output of the comparator indicates 
when the wave forms of the two capacitors intersect. This point of 
intersection is varied by varying the differential control voltage Vo 

Although any type of a charge pump may be used to supply 
current to the phase shifter, it is preferred that a differential charge 
pump be used. One embodiment of a differential charge pump is 
illustrated in Figure 6a. In the embodiment shown in Figure 6a, the 
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load is formed of a quad of P-channel MOS devices. The transistors 
M3 and M6 are diode-connected, and are located in parallel with cross- 
connected transistors M4 and M5. For use in a charge pump circuit, 
transistors M3, M4, M5 and M6 are all made to be substantially of the 
same size. An integration capacitance Ci is shown as a single device 
connected to the drains of the drive transistors Ml and M2. 

The signals driving the gates of drive transistors Ml and M2 are 
assumed to be large enough in amplitude to switch substantially all of 
the current 21 of the current source into the integrating capacitance C\. 

The diode-connected devices, M3, M6, together present a 
positive differential resistance. The positive differential resistance by 
itself provides an undesirable leakage path for the integrating 
capacitance. To mitigate this leakage, the current through M3, M6 is 
canceled by the function of transistors M4, M5, which function can be 
viewed as that of a negative resistance. Thus, transistors M4, M5 
cancel out the leakage of M3, M6 in the following manner. 

Transistors M3 and M4 comprise a current mirror. Assuming 
ideal behavior, the two devices carry the same current. Because the 
- drains of devices M3 and M4 are connected to opposite sides of the 
capacitance, the net contribution by this connection to the differential 
current is zero. By symmetry, the same reasoning applies to the 
current mirror formed by transistors M5, M6, so that the net 
differential resistance presented by transistors M3, M4, M5, M6 is 
ideally infinite, leaving only finite differential output resistance of the 
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driving pair Ml, M2, and the inherent capacitor leakage as differential 
loss mechanisms. 

In practice, however, mismatches in the transistors cause 
departures from ideal behavior. Hence, it is desirable to choose the 
effective resistance of the diode-connected devices M3, M6 as high as 
possible such that any imperfect cancellation by respectively M4, M5, 
will have a proportionally smaller effect. The effect of finite 
differential output resistance of Ml, M2, is usually negligible, because 
there is an inherent cascoding effect by Ml, M2 on the current source. 
The charge pump switches all the current 21 into the integrating 
capacitance by the control input signals in either a positive or negative 
direction. For example, if Ml is turned on and M2 is turned off, 
transistor Ml acts as a cascoding device for the current source (which 
source is assumed to be realized with a transistor or collection of 
transistors), boosting the effective impedance. 

This argument applies symmetrically to the case where M2 is 
on and Ml is off. Hence, the leakage caused by Ml, M2 is generally 
negligible. Further advantage of the invention is that the common- 
mode output voltage of the charge pump is simply lower than the 
positive supply voltage by one source-to-gate voltage of a P-channel 
device. 

Therefore, if the charge pump is ever disabled, for example, by 
shutting off the current source, recovery is relatively quick because 
common-mode levels cannot be moved far from their equilibrium 
active values. 
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Figure 6b shows a second embodiment of the charge pump 
circuit of the present invention. For this embodiment, an alternate 
connection of the integrating capacitance is employed. For some 
circuits, the most area-efficient capacitance is formed from the gate 
structure of a MOS transistor. Such capacitors require DC bias that is 
in excess of approximately one threshold voltage to maximize 
capacitance and to avoid excessive non-linearities. In this 
embodiment, the biasing criterion is satisfied by splitting the capacitor 
into two equal capacitors and coupling each capacitor to V ss , By 
connecting each capacitor to V ss , this embodiment provides filtering 
of power supply (Vdd) noise. Any noise on the positive power supply 
that couples through the p-channel load devices is bypassed by the 
capacitors, reducing greatly the amount of the noise passed on to any 
subsequent stage. 

To provide unlimited phase shift using a charge pump with a 
finite control voltage range, the charge pump is preceded with a 
multiplexer 123 or similar means, as is well known in the art, to 
reverse the direction of the charge pump in alternate quadrants. The 
control signal to operate the multiplexer 123 is provided by the phase 
shifter 130. For example, when the DLL is out of lock, the phase 
detector 110 will output a constant signal, either a high or a low. In 
this instance, the charge pump could integrate up until it reaches its 
maximum voltage value. The phase shifter 130 would then sense this 
condition, switch quadrants in the phase shifter 130, and switch the 
multiplexer that precedes the charge pump to select a complimentary 
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input. The charge pump would then reverse directions and integrate 
down until either phase lock is achieved or another quadrant 
boundary is reached. This enables the charge pump to continue to 
output a control voltage to provide infinite phase shift range, even 
though the charge pump itself has a finite output range. 

An alternate embodiment of the delay locked loop of the 
present invention is shown in Figure 7a. In this embodiment, the 
DLL 310, for example the DLL circuit of Figure 2, may be used to 
compensate for the set-up time of the data receiver 320 located in a 
remote section of a high speed digital system in which input data 
signal transitions are centered between the incoming clock signal 
edges. In the present illustration, a data receiver substantially similar 
to the data receiver 320 functions as the phase detector in the DLL 310. 
Because DLL 310 adjusts the signal using the phase shifter until the 
output of the phase detector is high 50% of the time, on average, by 
definition this condition corresponds to a sample clock signal that is 
timed to sample the incoming data at the optimal instants, 
independent of temperature, supply voltage and process variations. 
For example, if the setup time of data receiver 320 is 1 nanosecond, the 
sample clock signal will be delayed 1 nanosecond from the input clock 
signal. If the setup time value of 1 nanosecond varies with process, 
temperature and supply voltage variations, the DLL 310 automatically 
compensates as the data receiver/ phase detector of the DLL 310 will 
likewise vary with process, temperature and supply voltage 
variations. 
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Another embodiment is shown in Figure 7b. DLL 312 is 
utilized to generate the clock signals to transmit data in a digital 
system. More particularly, DLL 312 enables data signal output 
transitions to be precisely centered between the incoming clock signal • 
edges. In this embodiment, a transmit clock signal, the phase of 
which is in quadrature with the incoming clock signal edges, is 
generated. Preferably the quadrature phase detector of Figure 3 is used 
as the phase detector element in DLL 312. The transmit clock signal is 
input to the data transmitter 322 to control the timing of data output 
from the system. 

Referring to Figure 8, in an alternate embodiment, the output 
of the phase detector may be input to a digital filter or other signal 
processing device, such as a processor or state machine, which 
examines the sequence of phase comparator outputs and enables 
boosted currents for acquisition when appropriate. For example, if the 
phase of the DLL output clock has been behind that of the input clock 
for a predetermined number of cycles, boosted acquisition is enabled. 
Therefore, for example, in a most general case, a binary search may be 
performed on a plurality of comparator outputs to determine a 
corresponding boosted current value to utilize. 

The invention has been described in conjunction with the 
preferred embodiment. It is evident that numerous alternatives, 
modifications, variations and uses will be apparent to those skilled in 
the art in light of the foregoing description. 
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What is claimed is: 

1. A circuit for generating an output signal in a 
predetermined timing relationship with an input signal, comprising: 

a duty cycle correcting amplifier coupled to receive the input 
signal, said amplifier correcting the duty cycle of the input signal to a 
predetermined duty cycle to produce a duty cycle corrected input 
signal; 

a phase detector coupled to receive the input signal and the 
output signal, said phase detector generating an output signal 
indicative of whether the output signal is ahead or behind the input 
signal in phase; 

a charge pump coupled to receive the output of the phase 
detector, said charge pump generating an output current; and 

£^ phase shifter cbujrfed to receive the duty cycle corrected input 
signal, the output signal from the phase detector and the output 
current from the charge pump, said phase shifter performing a phase 
shift of the duty cycle corrected input signal to produce the output 
signal, said phase shifter driven by the output current of the charge 1 
^^mp/said direction of the phase shift indicated by the phase detector; 




phase of the input signal such that the oui^ut of. the phase dete<c^^ 
a signal of a first state 50% of the time, on average. 



WO 95/22206 



PCT/US95/01726 



-36- 

2, A circuit for generating an output signal in a 
predetermined timing relationship with an input signal, comprising: 

a phase detector coupled to receive the input signal and the 
output signal, said phase detector generating an output signal 
indicative of whether the output signal is ahead or behind the input 
signal in phase; 

a charge pump coupled to receive the output of the phase 
detector, said charge pump generating an output current; 

a boost control signal coupled to the charge pump, said signal 
indicating when the circuit is in an acquisition mode wherein the 
circuit functions to acquire the desired timing relationship between 
the input signal and the output signal, said charge pump generating 
greater output current when said boost control signal is in a first state 
indicative that the circuit is in the acquisition mode; 

a phase shifter coupled to receive the input signal, the output 
signal from the phase detector and the output current from the charge 
pump, said phase shifter performing a phase shift of the input signal 
- to produce the output signal, said phase shifter driven by the output 
current of the charge pump, said direction of the phase shift indicated 
by the phase detector; 

wherein the jitter in the circuit is minimized by increasing the 
current output by the charge pump when the circuit is in the 
acquisition mode and maintaining the current output at a lower level 
when the circuit is not in the acquisition mode. 
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3. A method for generating an output signal having a 

predetermined timing relationship with an input signal, said method 

comprising the steps of: 

correcting the duty cycle of the input signal to a predetermined 

duty cycle to produce a duty cycle corrected input signal- 
generating a phase output signal indicative of whether the 

output signal is ahead or behind the input signal in phase- 
generating a current ; and 

performing a phase shift of the duty cycle corrected input signal 
to produce the output signal, said step driven by the current, said 
direction of the phase shift indicated by the phase detector; 

wherein the phase of the output signal dithers around the 
phase of the input signal such that the output of the phase detector is 
a signal of a first state 50% of the time, on average. 
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